Escherichia coli included a 28°C incubation temperature, an aerobic atmosphere, and the presence of 2% ethanol in Luria-Bertani no-salt agar with pH 6.0 and a water activity of 0.99. These findings will assist in formulating microbiological media useful for cellulose and biofilm research.
Extracellular polysaccharides produced by bacterial cells play a structural role in the formation of biofilms (3) . Bacterial extracellular polysaccharides are highly diverse in terms of chemical composition, from neutral to highly charged polyanionic macromolecules comprised of sugars or nonsugar components (9, 15) . Recent studies have shown that some strains of Shiga toxin-producing Escherichia coli (STEC) have the ability to produce cellulose (18) . In comparison to Gluconoacetobacter, Rhizobium, and Agrobacterium (13) , the amounts of cellulose produced by STEC cells are significantly smaller. In order to better study the role and function of STEC cellulose, the culture conditions that influence the production of cellulose by STEC have to be determined. The goal of this research project was to determine the impact of selected culture conditions and medium composition on the production of cellulose by the cells of STEC strains.
Six STEC strains (no. 17, 19, 46, 49, 50, and 117) from our culture collection were grown on Luria-Bertani no-salt (LBNS) agar at 28°C with different pH levels (5.0, 6.0, or 7.0), water activities (0.96, 0.97, 0.98, or 0.99), or fructose (0, 0.4, 1, or 2%) and ethanol (0, 1, or 2%) concentrations. The cultures were incubated for 96 h under aerobic conditions. Alternatively, the STEC strains were grown on LBNS agar with pH 7.0 and a water activity of 0.99 at 15, 22, 28, or 37°C. The cultures were incubated under aerobic, microaerophilic, or anaerobic conditions for 96 h. The amounts of cellulose produced by 10 10 CFU of STEC were quantified using the procedure of Updegraff (16) with some modifications. The interactive influence of incubation temperatures and atmospheres, medium pH levels and water activities, as well as fructose and ethanol concentrations was studied using the surface response methodology (Table 1), and the data obtained were plotted using the Table Curve 3D software (SYSTAT Software Inc.) and analyzed using the Student t test of the Statistical Analysis Software (SAS Institute Inc., 2003) at a 95% confidence interval.
The average amount of cellulose produced by the six STEC strains at 28°C was significantly larger than the amounts produced at 22, 15, and 37°C (P Ͻ 0.05; Table 2 ). Römling et al. (12) found that colonies of Salmonella enterica serovar Typhimurium displayed a temperature-dependent morphology change, and this colony morphology change was related to a higher level of cellulose production at 28°C and a lower level of cellulose production at 37°C. Kader et al. found that adrA expression was activated at 28°C in S. Typhimurium and reduced at 37°C (8) . Incubation temperatures below 28°C were not favorable for cellulose production; this might be due to limited cellular activities at these incubation temperatures (1). Greater cellulose production was observed under aerobic conditions, followed by microaerophilic and anaerobic conditions (Table 2) . Oxygen tension is a significant factor for CsgD expression (4) . Cellulose production requires the participation of ATP, which is generated in the tricarboxylic acid (TCA) cycle. This process may deteriorate under low oxygen conditions, because oxygen is required as a final electron acceptor in the TCA cycle (13) .
The average amount of cellulose produced by STEC strains on LBNS agar with a water activity of 0.99 was significantly larger (P Ͻ 0.05) than the amounts produced on LBNS agar with water activities of 0.96, 0.97, and 0.98 (Table 2 ). This phenomenon was probably caused by the elevated osmolarity in low-water-activity growth media. High osmolarity prevents the transcription of csgD (11) , and the amount of cellulose produced by STEC cells would therefore be reduced.
The average amount of cellulose produced by the six STEC cultures on LBNS agar with pH 6.0 was significantly larger (P Ͻ 0.05) than the amount of cellulose produced on the same medium with pH 5.0 and numerically higher (P Ͼ 0.05) than that produced at pH 7.0. The differences in the average amounts of cellulose produced by the STEC strains on LBNS agar with pH 5.0 versus pH 7.0 were statistically insignificant (P Ͼ 0.05). Responses of cellulose expression to changes in pH may be associated with changes in cell membrane fluidity at different pH levels. Lower membrane fluidity could interfere with the secretion of cellulose through cell membranes (7) .
The average amounts of cellulose produced by the STEC strains decreased as the concentrations of fructose in LBNS agar increased (Fig. 1A) . Fructose can be utilized as a carbon source for cellulose production. Successful conversion of fructose to cellulose in Gluconoacetobacter xylinus depends on the blockage of the metabolic flow toward the pentose phosphate pathway by inhibiting glucose-6-phosphate dehydrogenase (2) or toward glycolysis by inhibiting phosphofructokinase (6) . Effective inhibition of the two enzymes requires a high level of ATP (10, 17) . This cellular demand on ATP to guide fructose- a Values are shown as g/10 10 CFU. Values followed by the same lowercase letter in the same row are not significantly different with regard to conditions (P Ͼ 0.05). Values followed by the same uppercase letter in a same column are not significantly different with regard to cultures (P Ͼ 0.05).
b Mic, microaerophilic; Ana, anaerobic. c Means are the average amounts of cellulose produced by all the strains used in the study under a specific condition. to-cellulose biosynthesis could create an additional burden to bacterial cells (13) . The average amount of cellulose produced by the tested STEC strains on LBNS agar with 2% ethanol was significantly larger than those produced on LBNS agar with 0 and 1% ethanol (Fig. 1B) . In Enterobacteriaceae, ethanol is known to induce the expression of CsgD, which stimulates the transcription of AdrA and activates the production of cellulose on the transcriptional level (5). Seto et al. (14) believe that ethanol serves as an energy source to generate ATP through oxidation to acetaldehyde or acetate by alcohol dehydrogenase or acetaldehyde dehydrogenase in the TCA cycle, thereby enhancing bacterial cellulose synthesis.
Among the six tested strains, no. 46 and 49 produced significantly larger (P Ͻ 0.05), and no. 117 or 17 produced significantly smaller (P Ͻ 0.05), amounts of cellulose under different growth conditions with only a few exceptions. The interactive experiments showed that 28°C incubation temperature and an aerobic atmosphere ( Fig. 2A) , LBNS agar with pH 6.0 and a water activity of 0.99 (Fig. 2B) , and LBNS agar supplemented with 2% ethanol and 0% fructose (Fig. 2C) were the best incubation conditions for the production of cellulose by the STEC strains tested in the study. The findings of this study will assist in formulating microbiological media useful for cellulose and biofilm research.
